Introduction
============

Combinatorial chemistry and high-throughput screening are advancing drug discovery. However, many lead compounds have been categorized as Biopharmaceutics Classification System classes II or IV, with poor solubility.[@b1-ijn-10-2521] The insoluble nature causes significant challenges in drug delivery. Nano-drug systems are well-established approaches to meeting the formulation challenges of insoluble drugs.[@b2-ijn-10-2521] These promising carriers include liposomes,[@b3-ijn-10-2521],[@b4-ijn-10-2521] micro-/nanoemulsions,[@b5-ijn-10-2521] micelles,[@b6-ijn-10-2521],[@b7-ijn-10-2521] solid lipid nanoparticles,[@b8-ijn-10-2521] polymeric nanoparticles,[@b9-ijn-10-2521] and nanocrystals.[@b10-ijn-10-2521] Of these, liposomes and lipid emulsions have been successfully developed into injectable products such as Doxil^®^ and Diprivan^®^. However, other nanocarriers have seen a low rate of commercial success due to physical instability, poor reproducibility, and potential toxicity. For those drugs that are insoluble both in water and in oil (or lipids), low drug load and significant drug leakage are the main obstacles to developing injectable nanocarriers. In this regard, nanocrystals are advantageous because they can greatly enhance drug solubility. It is noteworthy that a nanocrystal product of paliperidone for injection has been approved by the European Medicines Agency[@b11-ijn-10-2521] and five oral products of drug nanocrystals have been approved by the US Food and Drug Administration.[@b10-ijn-10-2521]

Nanocrystals (or nanosuspensions) are a sub-micron colloidal dispersion system of pure drug particles in water.[@b12-ijn-10-2521]--[@b14-ijn-10-2521] Nanocrystal systems are often stabilized by surfactants or polymers.[@b12-ijn-10-2521]--[@b14-ijn-10-2521] The advantages of nanocrystals include: (1) they offer a high drug load (because the drug is suspended in a solid state); (2) there is no significant toxicity concern because a limited quantity of excipient (stabilizer) is used; (3) they are suitable for a diverse range of administration routes including oral, parenteral, pulmonary, and ocular pathways;[@b15-ijn-10-2521]--[@b17-ijn-10-2521] and (4) they show potential in passive targeting and provide a depot effect.[@b18-ijn-10-2521]--[@b20-ijn-10-2521] Drug nanocrystals are usually prepared using two types of methods, namely, anti-solvent precipitation of dissolved drugs (bottom-up)[@b21-ijn-10-2521],[@b22-ijn-10-2521] and comminution of bulk drugs with high-pressure homogenization or media milling (top-down).[@b23-ijn-10-2521],[@b24-ijn-10-2521] Although bottom-up technology is a straight-forward procedure to obtain drug nanocrystals, it has several limitations, such as the use of harmful organic solvents[@b25-ijn-10-2521],[@b26-ijn-10-2521] and there being great difficulty in controlling particle size.[@b27-ijn-10-2521] Top-down technology is more applicable to industrial production due to the facile and energy-saving processes involved.[@b28-ijn-10-2521]

SNX-2112 is a novel Hsp90 inhibitor currently in clinical evaluation for cancer treatment (delivered by its prodrug SNX-5422; [www.clinicaltrials.gov](http://www.clinicaltrials.gov)). The anticancer action of the compound is through abrogation of signaling via human epidermal growth factor receptor 2 (HER2), protein kinase B (Akt), and extracellular-signal-regulated kinase (ERK).[@b29-ijn-10-2521],[@b30-ijn-10-2521] SNX-2112 is hardly bioavailable after oral administration due to rather limited solubility and possible P-gp efflux.[@b31-ijn-10-2521] The prodrug SNX-5422 has been designed with an improved solubility profile, providing acceptable systemic exposure of SNX-2112. An effective alternative to circumvent the low bioavailability of SNX-2112 is to develop its parenteral formulations. Due to poor solubility both in water (8 μg/mL) and oil (eg, 5 μg/mL in soybean oil), nanocrystals are an excellent candidate for the intravenous delivery of the drug.

Physiologically based pharmacokinetic (PBPK) modeling has gained increasing attention in drug research and development.[@b32-ijn-10-2521],[@b33-ijn-10-2521] A PBPK model quantitatively describes drug absorption, distribution, metabolism, and elimination in the body, facilitating a deep understanding of the effects of these intricate processes on drug exposure and of how these processes interact with each other.[@b34-ijn-10-2521],[@b35-ijn-10-2521] An important feature of an PBPK model is that it allows data extrapolation from a preclinical animal species to humans, thereby providing excellent guidance on clinical trials.[@b36-ijn-10-2521] Although PBPK modeling has become a powerful tool in identifying the factors determining drug pharmacokinetics, its ability to evaluate the effects of the formulation factor on drug disposition has not been fully established.[@b37-ijn-10-2521]

In the study reported here, we aimed to explore the possibility and feasibility of nanocrystals for the intravenous delivery of SNX-2112, and to determine the in vivo fate of the drug nanocrystals. Drug nanocrystals were prepared using the wet-media milling technique and characterized by particle size, differential scanning calorimetry (DSC), in vitro release, etc. PBPK modeling was performed to evaluate the drug disposition in rats following administration of the nanocrystals using drug cosolvent as a reference. A rat PBPK model incorporating the parameters of particulate uptake (into the liver and spleen) and of the in vivo drug release was used to describe and explain the experimental data.

Materials and methods
=====================

Materials
---------

SNX-2112 and AT-533 (used as an internal standard) were synthesized in our laboratory as described previously.[@b38-ijn-10-2521] Poloxamer 188 (P188) was obtained from BASF SE (Ludwigshafen, Germany). Polysorbate 80 (Tween^®^ 80) was obtained from Aladdin Reagent Co Ltd (Shanghai, People's Republic of China). All other chemicals were of analytical grade and used as received.

Preparation of SNX-2112 nanocrystals
------------------------------------

Drug nanocrystals were prepared using a top-down wet-milling technique.[@b39-ijn-10-2521] In brief, the stabilizer (0.2, 2.0, or 20.0 mg) was dissolved in 2 mL water, into which 20 mg of drug powder was dispersed. The resulting suspensions were subjected to homogenization in a homemade medium mill containing 2 g milling pearls (zirconium oxide, diameter of 1.2 and 0.8 mm at a ratio of 1:1) stirred at 1,100 rpm. After 24 hours' homogenization, the nanocrystal suspensions were separated from the system by filtration against a nylon sieve.

Characterization of SNX-2112 nanocrystals
-----------------------------------------

The particle size and zeta potential of the drug nanocrystals were determined using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at 25°C based on the dynamic light scattering principle. The sample (0.1 mL) was diluted with deionized water to 1 mL and measured after equilibrium to the given temperature in the cell. To calculate particle size, the data were recorded by and analyzed with the built-in software.

The morphology of the drug nanocrystals was observed by transmission electron microscopy (TEM). In brief, an aliquot of nanocrystals was dropped on a carbon-coated copper grid and then anchored, drying at ambient atmosphere, to the supporter. The supporter with fixed nanoparticles was immersed into 1% phosphotungstic acid solution for 100 seconds. The negatively stained particles were allowed to dry at ambient atmosphere and photographed at an acceleration voltage of 100 kV with TEM (Tecnai 10, Philips, Amsterdam, the Netherlands).

DSC
---

The samples of lyophilized nanocrystals, stabilizer (P188), pure drug, and physical mixtures of about 5 mg were weighed into a non-hermetically sealed aluminum pan, and proceeded to differential calorimetric scanning on a DSC 204A/G Phoenix^®^ instrument (Netzsch GmbH & Co KG, Selb, Germany). The samples were heated from 25°C to 350°C at a stepping rate of 10°C/minute. The instrument was calibrated using indium. All the DSC measurements were carried out in a nitrogen atmosphere at a flow rate of 100 mL/minute.

In vitro drug release study
---------------------------

The bulk-equilibrium reverse dialysis method was used for the release study of SNX-2112 nanocrystals.[@b40-ijn-10-2521] The release medium was a phosphate buffer (pH 7.4) with 0.2% Tween 80. After equilibrium with the bulk phase under magnetic agitation, 1 mL of nanocrystal (2 mg/mL) suspension was introduced and reversely dialyzed at 37°C against the dialysis bags. At predetermined intervals, the dialysis bags were withdrawn. SNX-2112 concentrations in the dialysate were determined and the percentage of drug release was calculated as mean ± standard deviation (n=3).

Pharmacokinetic study of SNX-2112
---------------------------------

Pharmacokinetic study was performed with Sprague-Dawley rats (male; 193.0±8.9 g). The experimental procedures were approved by the Animal Ethics Committee of Jinan University (Guangzhou, China). The rats were randomly divided into two groups, the cosolvent (control) and nanocrystal groups. The control group of rats received SNX-2112 cosolvent (45% propylene glycerol) by intravenous injection (tail vein) at a dose of 2 mg/kg body weight, whereas the nanocrystal group received SNX-2112 nanocrystals intravenously at a same dose. At predetermined time points (10, 20, and 30 minutes; 1 hour; and 2, 4, 6, 8, 12, and 18 hours) after drug administration, the rats (n=5) were rendered unconscious for blood and tissue sampling by injecting phenobarbital. The blood was collected by cardiac puncture. After washout of blood with ice-cold saline, the heart, liver, spleen, lung, kidney, and intestine were rapidly removed, weighed, and stored at −80°C for further analysis.

Blood samples were processed as described previously.[@b41-ijn-10-2521] The concentrations of SNX-2112 in the samples were analyzed by the ultra-performance liquid chromatography quadrupole time-of flight mass spectrometry (UPLC-QTOF/MS) system. The heart, liver, spleen, lung, kidney, and intestine tissues were homogenized 1:2 (w/v) in saline solution. A 0.2 mL aliquot of tissue homogenate was mixed with 1 mL acetonitrile containing 2 μM internal standard (AT-533). The mixture was vortexed and centrifuged at 13,000× *g* for 15 minutes (4°C). The supernatant was collected and dried using a Concentrator plus (Eppendorf AG, Hamburg, Germany). The residue was reconstituted in 250 μL of water/methanol (50:50, v/v) and centrifuged at 13,000× *g* for 15 minutes (4°C). A 3 μL aliquot of the supernatant was injected into the UPLC-QTOF/MS system.

Quantification of SNX-2112 using UPLC-QTOF/MS
---------------------------------------------

Quantification of SNX-2112 was performed using a Waters UPLC-QTOF/MS system consisting of an ACQUITY UPLC system and Xevo™ G2 QTof (Waters Corporation, Milford, MA, USA) as detailed in our previous publications.[@b31-ijn-10-2521],[@b42-ijn-10-2521] The analytical methods were rigorously validated with respect to linearity (4.88--5,000.00 nM), precision (\>90%), and recovery (\>80%).

Nonparticulate PBPK model
-------------------------

A nonparticulate PBPK model was constructed to describe disposition of nonparticulate SNX-2112 in rats. The whole-body PBPK model consisted of heart (ht), liver (li), spleen (sp), lung (lu), kidney (kd), and intestine (in) compartments. All other tissues were lumped into a remainder (rm) compartment ([Figure 1A](#f1-ijn-10-2521){ref-type="fig"}). Elimination of SNX-2112 primarily occurred in the liver,[@b41-ijn-10-2521] which was represented by the apparent hepatic clearance *CL~h~*. Drug concentrations in each tissue were determined by the tissue/plasma partition coefficient (*K~p,ti~*), plasma flow (*Q~ti~*), and organ volume (*V~ti~*). The *K~p,ti~* values of SNX-2112 for the intestine, kidney, spleen, and heart were obtained experimentally from the tissue/plasma ratios toward the end of the study (close to 18 hours). [Table 1](#t1-ijn-10-2521){ref-type="table"} summarizes the plasma flow and organ volume values that were fixed during model fitting. Plasma cardiac output (*Q~co~*) for rats was set at 2.69 L/h.[@b43-ijn-10-2521] The mass balance equations ([Equations 1](#fd1-ijn-10-2521){ref-type="disp-formula"}--[8](#fd8-ijn-10-2521){ref-type="disp-formula"}) for the model follow. "*C*" denotes the concentration of SNX-2112 in each compartment. "*V*" denotes the volume in each compartment. The subscripts represent the compartment names. $$V_{pl}\frac{dC_{pl}}{dt} = Q_{co}\left( {\frac{C_{lu}}{Kp_{lu}} - C_{pl}} \right)$$ $$V_{ht}\frac{dC_{ht}}{dt} = Q_{ht}\left( {C_{pl} - \frac{C_{ht}}{Kp_{ht}}} \right)$$ $$V_{sp}\frac{dC_{sp}}{dt} = Q_{sp}\left( {C_{pl} - \frac{C_{sp}}{Kp_{sp}}} \right)$$ $$V_{in}\frac{dC_{in}}{dt} = Q_{in}\left( {C_{pl} - \frac{C_{in}}{Kp_{in}}} \right)$$ $$V_{rm}\frac{dC_{rm}}{dt} = Q_{rm}\left( {C_{pl} - \frac{C_{rm}}{Kp_{rm}}} \right)$$ $$V_{kd}\frac{dC_{kd}}{dt} = Q_{kd}\left( {C_{pl} - \frac{C_{kd}}{Kp_{kd}}} \right)$$ $$V_{li}\frac{dC_{li}}{dt} = Q_{ha}C_{pl} + Q_{in}\frac{C_{in}}{Kp_{in}} + Q_{sp}\frac{C_{sp}}{Kp_{sp}} - Q_{li}\frac{C_{li}}{Kp_{li}} - CL_{H}C_{li}$$ $$V_{lu}\frac{dC_{lu}}{dt} = Q_{1i}\frac{C_{li}}{Kp_{li}} + Q_{ht}\frac{C_{ht}}{Kp_{ht}} + Q_{rm}\frac{C_{rm}}{Kp_{rm}} + Q_{kd}\frac{C_{kd}}{Kp_{kd}} - Q_{co}\frac{C_{lu}}{Kp_{lu}}$$

Nanoparticulate PBPK model
--------------------------

Following the administration of drug nanocrystals, the drug in the plasma (and tissues when uptake of nanoparticles occurred) had two forms, nonparticulate (D) and nanoparticulate (N) ([Figure 1B](#f1-ijn-10-2521){ref-type="fig"}). It was necessary to distinguish the two forms in pharmacokinetic modeling due to their differences in disposition processes, such as tissue partitioning. The nanoparticulate PBPK model was constructed based on the nonparticulate PBPK model ([Figure 1A](#f1-ijn-10-2521){ref-type="fig"}). The nanoparticulate model additionally incorporated a species of the nanoparticulate drug in the plasma, liver, and spleen compartments. The nonparticulate drug was released from the nanoparticulate form following the first-order rate constant (*K~rel~*). Uptake of nanoparticles into the liver and spleen is represented by the apparent clearance, *Up~li~* and *Up~sp~*, respectively. The mass balance equations ([Equations 9](#fd9-ijn-10-2521){ref-type="disp-formula"}--[19](#fd19-ijn-10-2521){ref-type="disp-formula"}) for the model follow. "*C*" and "*C^Nano^*" denote the concentrations of the nonparticulate and particulate SNX-2112 in each compartment, respectively. "*V*" denotes the volume in each compartment. The subscripts represent the compartment names. $$V_{pl}\frac{dC_{pl}}{dt} = Q_{co}\left( {\frac{C_{lu}}{Kp_{lu}} - C_{pl}} \right) + K_{rel}V_{pl}C_{pl}^{Nano}$$ $$V_{pl}\frac{dC_{pl}^{Nano}}{dt} = - K_{rel}V_{pl}C_{pl}^{Nano} - Up_{li}C_{pl}^{Nano} - Up_{sp}C_{pl}^{Nano}$$ $$V_{ht}\frac{dC_{ht}}{dt} = Q_{ht}\left( {C_{pl} - \frac{C_{ht}}{Kp_{ht}}} \right)$$ $$V_{sp}\frac{dC_{sp}}{dt} = Q_{sp}\left( {C_{pl} - \frac{C_{sp}}{Kp_{sp}}} \right) + K_{rel}V_{sp}C_{sp}^{Nano}$$ $$V_{sp}\frac{dC_{sp}^{Nano}}{dt} = Up_{sp}C_{pl}^{Nano} - K_{rel}V_{sp}C_{sp}^{Nano}$$ $$V_{in}\frac{dC_{in}}{dt} = Q_{in}\left( {C_{pl} - \frac{C_{in}}{Kp_{in}}} \right)$$ $$V_{rm}\frac{dC_{rm}}{dt} = Q_{rm}\left( {C_{pl} - \frac{C_{rm}}{Kp_{rm}}} \right)$$ $$V_{kd}\frac{dC_{kd}}{dt} = Q_{kd}\left( {C_{pl} - \frac{C_{kd}}{Kp_{kd}}} \right)$$ $$V_{li}\frac{dC_{li}}{dt} = Q_{ha}C_{pl} + Q_{in}\frac{C_{in}}{Kp_{in}} + Q_{sp}\frac{C_{sp}}{Kp_{sp}} - Q_{li}\frac{C_{li}}{Kp_{li}} - CL_{H}C_{li} + K_{rel}V_{li}C_{li}^{Nano}$$ $$V_{li}\frac{dC_{li}^{Nano}}{dt} = Up_{li}C_{pl}^{Nano} - K_{rel}V_{li}C_{li}^{Nano}$$ $$V_{lu}\frac{dC_{lu}}{dt} = Q_{li}\frac{C_{li}}{Kp_{li}} + Q_{ht}\frac{C_{ht}}{Kp_{ht}} + Q_{rm}\frac{C_{rm}}{Kp_{rm}} + Q_{kd}\frac{C_{kd}}{Kp_{kd}} - Q_{co}\frac{C_{lu}}{Kp_{lu}}$$

Data analysis
-------------

Modeling and simulations were performed with MATLAB^®^ 8.0 software (The MathWorks, Inc, Natick, MA, USA). All parameters were estimated using a weighing scheme of 1/y[@b2-ijn-10-2521]. Compartmental and non-compartmental analyses of plasma/tissue concentrations versus time were performed using Pharsight^®^ Phoenix^®^ WinNonlin^®^ 6.3 software (Certara, LP, Princeton, NJ, USA). Data are expressed as mean ± standard deviation. The two-tailed Student's *t*-test was used to compare the parameter difference between the cosolvent (control) and nanocrystal groups. The prior level of significance was set at 5% or *P*\<0.05.

Results
=======

Stabilizer selection for SNX-2112 nanocrystals
----------------------------------------------

The stabilizer played an important role in determining the properties of the drug nanocrystals.[@b24-ijn-10-2521] We prepared SNX-2112 nanocrystals using different types of stabilizers including nonionic surfactants (Tween 80, P188, and P407), ionic surfactants (sodium dodecyl sulfate and sodium taurocholate hydrate), and polymers (hydroxypropyl methylcellulose and polyvinylpyrrolidone) ([Figure 2](#f2-ijn-10-2521){ref-type="fig"}). Also, the effects of the amount of stabilizer on the nanocrystals were evaluated ([Figure 2](#f2-ijn-10-2521){ref-type="fig"}). Clearly, the drug nanocrystals (with a particle \<1 μm) can be formed by using any of tested stabilizers at a higher amount of 20 mg ([Figure 2A](#f2-ijn-10-2521){ref-type="fig"}). Although all other stabilizers showed potential in generating SNX-2112 nanocrystals, P188 was chosen as the optimal stabilizer for further evaluation because (1) the resulting nanocrystals showed acceptable particle size with narrow size distribution ([Figure 2](#f2-ijn-10-2521){ref-type="fig"}), and (2) P188 is a drug excipient for intravenous administration without safety concerns.[@b44-ijn-10-2521]

Preparation and characterization of optimized SNX-2112 nanocrystals
-------------------------------------------------------------------

The optimized SNX-2112 nanocrystals were prepared using P188 (20 mg) as the stabilizer. The obtained nanocrystals showed a particle size of 203 nm with a small polydispersity index value of 0.153 ([Figure 3A](#f3-ijn-10-2521){ref-type="fig"}). The zeta potential was determined to be −11.6 mV. This electric charge would help to stabilize the nanosuspensions, though the steric effects of P188 may play a major role in stabilization of the colloidal systems.[@b45-ijn-10-2521] In addition, SNX-2112 nanocrystals presented acicular architectures in their morphology as observed by TEM ([Figure 3B](#f3-ijn-10-2521){ref-type="fig"}), indicating that they were indeed nanocrystals rather than an amorphous substance. Preliminary stability studies also revealed that the prepared nanocrystals with P188 were stable for at least 1 month ([Figure 4](#f4-ijn-10-2521){ref-type="fig"}).

DSC thermograms of the pure drug (SNX-2112), P188, physical mixture, and drug nanocrystals are shown in [Figure 3C](#f3-ijn-10-2521){ref-type="fig"}. The endothermic peaks at 57°C and 264°C corresponded to the melting points of P188 and SNX-2112, respectively ([Figure 3C](#f3-ijn-10-2521){ref-type="fig"}). The DSC profiles of the nanocrystals and physical mixture were superposition of those of individual SNX-2112 and P188. This lends strong support to the notion that the nanoscaled drug was crystalline. It has been reported in the literature that drug nanocrystals are microcrystalline rather than amorphous.[@b46-ijn-10-2521],[@b47-ijn-10-2521] The in vitro drug release profile of the nanocrystals was comparable to that of the control (drug cosolvent) ([Figure 3D](#f3-ijn-10-2521){ref-type="fig"}). The f~2~ value (similarity factor) between the two preparations was calculated to be 85. The release data indicate that release of the drug from the nanocrystals was rather rapid.

Pharmacokinetic and biodistribution profiles
--------------------------------------------

The plasma concentration--time profiles displayed two distinct phases following intravenous administration of either the cosolvent (control) or nanocrystals ([Figure 5A](#f5-ijn-10-2521){ref-type="fig"}). These two phases appear to be the distribution (10 minutes--2 hours) and elimination (4--18 hours) phases. It was also noted that there were no significant differences in plasma concentrations (at the time points after 10 minutes) between the nanocrystal and cosolvent groups (*P*\>0.05; [Figure 5A](#f5-ijn-10-2521){ref-type="fig"}). The data were analyzed using the compartmental approach and found to be well described by the two-compartment model ([Figure 5A](#f5-ijn-10-2521){ref-type="fig"} and [Table 2](#t2-ijn-10-2521){ref-type="table"}). The derived parameters of the area under the concentration--time curve (AUC), elimination half-life (t~1/2β~), and systemic clearance (CL) were comparable between the nanocrystal and cosolvent groups (*P*\>0.05; [Table 2](#t2-ijn-10-2521){ref-type="table"}). This was consistent with the high similarity in the pharmacokinetic profile.

The AUCs in the heart, liver, spleen, lung, kidney, and intestine were estimated by non-compartmental analysis ([Table 3](#t3-ijn-10-2521){ref-type="table"}). The organs in which drug exposure was increased by greater than 20% were considered to exhibit a nanoparticle uptake effect. An apparently higher AUC~(0--18\ h)~ (≥27%) was found for the liver and spleen in the nanocrystal group ([Table 3](#t3-ijn-10-2521){ref-type="table"}). This resulted largely from the significantly higher concentrations at the initial time points (within 1 hour) ([Figure 5B](#f5-ijn-10-2521){ref-type="fig"} and C). Therefore, uptake of nanoparticles into the liver and spleen had to be considered in pharmacokinetic modeling. By contrast, the AUC~(0--18\ h)~ for the heart, lung, kidney, and intestine remained relatively unchanged or slightly changed ([Table 3](#t3-ijn-10-2521){ref-type="table"}). It was also noted that organ exposure was reduced in the intestine.

Nonparticulate PBPK modeling
----------------------------

The nonparticulate PBPK model ([Figure 1A](#f1-ijn-10-2521){ref-type="fig"}) was used to describe SNX-2112 disposition in rats following cosolvent administration. The obtained pharmacokinetic parameters associated with the nonparticulate drug will be fixed in later nanoparticulate PBPK modeling. The partitioning coefficient of SNX-2112 for those tissues to which the inlet drug concentrations equaled the plasma concentrations (ie, intestine, spleen, kidney, and heart) was determined experimentally as the ratio of AUC~(0--18\ h)~ of tissue normalized to that of plasma AUC~(0--18\ h)~.[@b48-ijn-10-2521] Tissue/Plasma AUC ratios of 12.2, 6.78, 5.92, and 2.24 were reached at 18 hours for the intestine, spleen, kidney, and heart, respectively ([Figure 6](#f6-ijn-10-2521){ref-type="fig"} and [Table 4](#t4-ijn-10-2521){ref-type="table"}). The partition coefficients for other tissues (liver, lung, and remaining tissues) and the hepatic clearance were estimated by simultaneous fitting of the model to the experimental data ([Table 4](#t4-ijn-10-2521){ref-type="table"}). The observed values were largely close to the predicted ones from the model, indicating that the data were well described by the PBPK model ([Figure 7](#f7-ijn-10-2521){ref-type="fig"}).

Nanoparticulate PBPK modeling
-----------------------------

The nanoparticulate PBPK model ([Figure 1B](#f1-ijn-10-2521){ref-type="fig"}) was specifically constructed to distinguish the nanoparticulate from the nonparticulate drug as nanocrystals were administered to the rats. Parameters associated the nonparticulate form were taken as the corresponding estimates from nonparticulate PBPK modeling and were fixed during model fitting. The nanoparticle-specific parameters (ie, *Up~sp~*, *Up~li~*, and *K~rel~*) were obtained by simultaneous fitting of the model to the experimental data ([Table 4](#t4-ijn-10-2521){ref-type="table"}). The observed values versus the predicted ones from the model were plotted ([Figure 8](#f8-ijn-10-2521){ref-type="fig"}). It is clear the pharmacokinetic data were adequately modeled. In addition, the drug (in two forms) concentrations in the plasma, liver, and spleen were simulated ([Figure 9](#f9-ijn-10-2521){ref-type="fig"}). The results reveal that the nanocrystals rapidly released drug molecules in vivo, accounting for their cosolvent-like pharmacokinetic behaviors and biodistribution.

Discussion
==========

In this study, we, for the first time as far as we are aware, developed and characterized a nanocrystal system for systemic delivery of SNX-2112, a novel Hsp90 inhibitor currently in clinical evaluation for cancer treatment. Further, we elucidated the in vivo fate of SNX-2112 nanocrystals through pharmacokinetic determination and PBPK modeling. Our results reveal that the nanocrystals provided a rapid drug release in vivo. Also, significant uptake of nanocrystals into the spleen and liver occurred, accounting for the initial drug accumulation (within 1 hour) in these two tissues. The present study and another indicate that PBPK modeling is a powerful tool to describe body disposition of nanoformulations, and to facilitate a better understanding of their in vivo fate.[@b37-ijn-10-2521] In addition, our nanocrystals solve the solubility problem of SNX-2112 and overcome the difficulties in drug administration when it comes to clinical trials with the drug itself (the cosolvent is prohibited due to a large amount of organic solvent). Hence, the potential for nanocrystals to achieve the systemic delivery of SNX-2112 is worthy of further investigation in clinical trials.

Due to the insoluble nature of SNX-2112, a nanocrystal formulation is an excellent choice for its delivery. Attempts to develop other types of nanoformulations such as solid lipid nanoparticles and micro-/nanoemulsions for the compound were unsuccessful due to its low solubility in the oil phase. It is well known that the stabilizer plays an important role in determining the properties of drug nanocrystals. The authors of the present paper prepared SNX-2112 nanocrystals using different types of stabilizers including nonionic surfactants (Tween 80, P188, and P407), ionic surfactants (sodium dodecyl sulfate and sodium taurocholate hydrate), and polymers (hydroxypropyl methylcellulose and polyvinylpyrrolidone). It was found that P188-stabilized nanocrystals showed acceptable particle size with narrow size distribution. Preliminary stability studies also revealed that the prepared nanocrystals with P188 were stable for at least 1 month. Hence, P188-stabilized nanocrystals are a promising system to effectively deliver SNX-2112.

The SNX2112 nanocrystals showed a negative zeta potential (−11.6 mV) and extensive distribution in the liver and spleen. Hence, in addition to contributing to the physical stability of the formulation, the negative nature of the zeta potential may be a key determinant in the rate as well as the efficiency of monocyte/macrophage uptake (particularly in the liver and spleen). This is well supported by many other studies in the literature.[@b49-ijn-10-2521],[@b50-ijn-10-2521] For instance, the oridonin nanosuspensions, with a zeta potential value of −21.8 mV, developed by Gao et al demonstrated a high uptake by the liver and spleen.[@b49-ijn-10-2521] Rabinow et al evaluated the biodistribution of an intravenous itraconazole nanosuspension (with a zeta potential of −30.6 mV) and found that high accumulation of the drug occurred in the liver and spleen.[@b50-ijn-10-2521]

In vitro release study showed that drug release from the nanocrystals was rapid and was comparable to that from cosolvent ([Figure 3D](#f3-ijn-10-2521){ref-type="fig"}). Parallel release profiles for both the free drug (cosolvent) and the nanocrystals indicate that the nanocrystals rapidly dissolved in the medium upon dilution. However, drug release from the cosolvent was not as immediate as expected. The time for complete drug release was unusually long (more than 4 hours). This was because membrane resistance (the dialysis bag) had a retarding effect on the process of drug release. As a mimic of in vivo release, the dialysis technique is frequently used to study the release kinetics of drug nanocrystals.[@b51-ijn-10-2521],[@b52-ijn-10-2521] Although the release data obtained by the dialysis method did not fully represent the real release behavior of drug nanocrystals in the blood stream, the method was useful for the characterization and comparative analyses of drug release from different formulations.

In nonparticulate PBPK modeling, the tissue/plasma AUC ratios versus time were evaluated and steady-state in vivo conditions were verified ([Figure 6](#f6-ijn-10-2521){ref-type="fig"}). The K~p~ values were determined as the tissue/plasma AUC ratios under steady-state conditions, as described previously.[@b46-ijn-10-2521] The obtained values were used within the PBPK model without further optimization.[@b46-ijn-10-2521] It was noteworthy that the authors were unable to determine K~p~ values using such a method for the liver and lung because plasma did not directly flow to these two organs (ie, inlet drug concentrations to the two organs did not equal the plasma concentrations) ([Figure 1A](#f1-ijn-10-2521){ref-type="fig"}). However, the authors plotted the tissue/plasma AUC ratios versus time and also observed steady-state conditions for the liver and lung (data not shown). The AUC ratios toward 18 hours were 8.17 (for the liver) and 4.32 (for the lung), which markedly differed from the optimized K~p~ values ([Table 4](#t4-ijn-10-2521){ref-type="table"}). Therefore, our PBPK modeling was carefully and appropriately performed.

Our results reveal that the nanocrystals were significantly taken up into the liver and spleen. This is consistent with the notion that nanoparticles possess the ability of targeting the macrophage system and can accumulate in the liver and spleen.[@b53-ijn-10-2521] The pharmacokinetic curves of the nanocrystals and cosolvent show a high similarity ([Figure 5A](#f5-ijn-10-2521){ref-type="fig"}). The fact that the nanocrystals did not markedly alter the pharmacokinetic profile of SNX-2112 was due to immediate drug release from the nanocrystals upon intravenous administration ([Figure 9](#f9-ijn-10-2521){ref-type="fig"}). It is noteworthy that such cosolvent-like behaviors of drug nanocrystals in the body have been observed in human subjects.[@b54-ijn-10-2521] Since the nanocrystals rapidly dissolved into the free drug, minimal systemic risk would be associated with particulate injection, highlighting the great potential of the nanocrystal formulation in practical uses.

Conclusion
==========

By using the wet-media milling technique, we developed and characterized a nanocrystal system, allowing the systemic delivery of the insoluble drug SNX-2112. The obtained SNX-2112 nanocrystals were 203 nm in size with a zeta potential of −11.6 mv. In addition, the nanocrystals showed a comparable release profile to that of the control (drug cosolvent). Moreover, the nanoparticulate PBPK model incorporating the parameters of particulate uptake (into the liver and spleen) and of in vivo drug release was well fitted to the experimental data. The results reveal that the nanocrystals rapidly released drug molecules in vivo, accounting for their cosolvent-like pharmacokinetic behaviors. Due to particulate uptake, drug accumulation in the liver and spleen were significant at the initial time points (within 1 hour). This study is the first to report that the nanocrystal system is a good choice for the systemic delivery of SNX-2112. Also, our study contributes to an improved understanding of the in vivo fate of nanocrystals.
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![(**A**) The nonparticulate physiologically based pharmacokinetic (PBPK) model used in this study. The whole-body PBPK model consists of the heart (ht), liver (li), spleen (sp), lung (lu), kidney (kd), intestine (in), and remaining tissues (rm). (**B**) The nanoparticulate PBPK model in this study. The model is constructed based on the nonparticulate PBPK model (**A**). It additionally incorporated a species of the nanoparticulate drug in the plasma, liver, and spleen compartments. The nonparticulate drug is released from the nanoparticulate form following the first-order rate constant (*K~rel~*). Uptake of nanoparticles into the liver and spleen are represented by the apparent clearance, *Up~li~* and *Up~sp~*, respectively. *Q~ha~* represents the blood flow of the hepatic artery.\
**Abbreviations:** CL~H~, hepatic clearance; Q, plasma flow.](ijn-10-2521Fig1){#f1-ijn-10-2521}

![The effects of stabilizer on the particle size (**A**), polydispersity index (PDI) (**B**), and zeta potential (**C**) of the prepared nanocrystals.\
**Abbreviations:** HPMC, hydroxypropyl methylcellulose; NA, not applicable; P188, poloxamer 188; P407, poloxamer 407; PVP, polyvinylpyrrolidone; SCH, sodium taurocholate hydrate; SDS, sodium dodecyl sulfate; T-80, Tween^®^ 80.](ijn-10-2521Fig2){#f2-ijn-10-2521}

![Characterization of poloxamer 188 (P188)-stabilized SNX-2112 nanocrystals.\
**Notes:** (**A**) Size measurement of drug nanocrystals. (**B**) The morphology of nanocrystals determined by transmission electron microscopy. (**C**) Differential scanning calorimetry (DSC) thermograms of SNX-2112, P188, physical mixture (PM), and drug nanocrystals. (**D**) Cumulative release of SNX-2112 from the nanocrystals. Cosolvent was used as a control.](ijn-10-2521Fig3){#f3-ijn-10-2521}

![The short-term (1 month) stability of SNX-2112 nanocrystals characterized by particle size and size distribution.\
**Notes:** (**A**) The storage stability of the nanocrystals at 4°C. (**B**) The storage stability of the nanocrystals at 25°C.\
**Abbreviation:** PDI, polydispersity index.](ijn-10-2521Fig4){#f4-ijn-10-2521}

![(**A**) Compartmental analyses of plasma concentration--time profiles. The plasma data were well described by the conventional two-compartment model. (**B**) Comparisons of SNX-2112 distribution in the liver between cosolvent and nanocrystals. (**C**) Comparisons of SNX-2112 distribution in the spleen between cosolvent and nanocrystals.\
**Notes:** In (**A**), circles and solid circles are observed values, whereas the solid line and dashed line are predicted data from the two-compartment model. \*Statistical difference in drug concentrations at 10 minutes between the cosolvent and nanocrystals.](ijn-10-2521Fig5){#f5-ijn-10-2521}

![Tissue-to-plasma area-under-the-concentration--time-curve (AUC) ratio of SNX-2112 over time for the heart (**A**), spleen (**B**), kidney (**C**), and intestine (**D**).](ijn-10-2521Fig6){#f6-ijn-10-2521}

![Physiologically based pharmacokinetic (PBPK) modeling of SNX-2112 disposition following administration of cosolvent (2 mg/kg). (**A**) Plasma concentration--time profile. (**B**) Heart concentration--time profile. (**C**) Liver concentration--time profile. (**D**) Spleen concentration--time profile. (**E**) Lung concentration--time profile. (**F**) Kidney concentration--time profile. (**G**) Intestine concentration--time profile.\
**Note:** Dashed lines are predicted data from the PBPK model.](ijn-10-2521Fig7){#f7-ijn-10-2521}

![Physiologically based pharmacokinetic (PBPK) modeling of SNX-2112's disposition following administration of nanocrystals (2 mg/kg). (**A**) Plasma concentration--time profile. (**B**) Heart concentration--time profile. (**C**) Liver concentration--time profile. (**D**) Spleen concentration--time profile. (**E**) Lung concentration--time profile. (**F**) Kidney concentration--time profile. (**G**) Intestine concentration--time profile. Black solid lines are predicted data from the PBPK model.\
**Note:** \*Total drug = nonparticulate + nanoparticulate drug.](ijn-10-2521Fig8){#f8-ijn-10-2521}

![(**A**) SNX-2112 concentrations (the nonparticulate, nanoparticulate, and total forms) in the plasma versus time profiles predicted from the nanoparticulate PBPK model. (**B**) SNX-2112 concentrations (the nonparticulate, nanoparticulate, and total forms) in the liver versus time profiles predicted from the nanoparticulate PBPK model. (**C**) SNX-2112 concentrations (the nonparticulate, nanoparticulate, and total forms) in the spleen versus time profiles predicted from the nanoparticulate PBPK model.](ijn-10-2521Fig9){#f9-ijn-10-2521}

###### 

List of plasma flows and organ volumes for rats (250 g) taken from the literature[@b42-ijn-10-2521]

  Tissue      Plasma flow (L/h)   Organ volume (L)
  ----------- ------------------- ------------------
  Liver       0.4920              0.009150
  Kidney      0.3790              0.001830
  Spleen      0.0269              0.000500
  Intestine   0.3850              0.006750
  Lung        2.6900              0.001250
  Heart       0.1320              0.000825
  Remaining   1.2800              0.221000

###### 

List of pharmacokinetic parameters derived by fitting the conventional two-compartment model to the plasma data

  Parameter     Unit       Cosolvent   %CV     Nanocrystals   %CV
  ------------- ---------- ----------- ------- -------------- -------
  k~10~         1/h        0.403       10.50   0.239          16.00
  k~12~         1/h        0.850       18.80   0.352          45.80
  k~21~         1/h        0.325       14.30   0.276          39.60
  t~1/2α~       h          0.465       15.00   0.886          35.20
  t~1/2β~       h          7.890       9.97    8.230          21.90
  C~0~          μM         1.930       9.79    1.110          13.20
  V             L          0.558       9.80    0.965          13.20
  CL            L/h        0.225       3.93    0.230          7.68
  V~2~          L          1.460       9.90    1.230          23.40
  CL~2~         L/h        0.474       12.30   0.339          36.70
  AUC~0--t~     μM\*h      4.020       3.92    3.870          7.67
  AUC~0--inf~   μM\*h      4.790       3.90    4.670          7.68
  AUMC          μM\*h^2^   43.000      12.20   44.500         24.00
  MRT           h          8.980       9.31    9.520          17.90
  V~ss~         L          2.020       7.47    2.190          13.50

**Abbreviation:** %CV, coefficient of variation.

###### 

Non-compartmental estimates of SNX-2112 parameters in tissues and plasma of cosolvent- and nanocrystal-treated rats

                                      Cosolvent   Nanocrystal   Nanocrystal/cosolvent
  ----------------------------------- ----------- ------------- -----------------------
  Plasma AUC~(0--18\ h)~ (μM\*h)      4.200       4.16          0.991
  Systemic clearance, CL~s~ (L/h)     0.256       0.259         1.010
  Heart AUC~(0--18\ h)~ (μM\*h)       9.070       10.500        1.160
  Liver AUC AUC~(0--18\ h)~ (μM\*h)   33.900      56.300        1.660
  Spleen AUC~(0--18\ h)~ (μM\*h)      29.000      36.800        1.270
  Lung AUC~(0--18\ h)~ (μM\*h)        17.900      19.700        1.100
  Kidney AUC~(0--18\ h)~ (μM\*h)      24.700      25.800        1.040
  Intestine AUC~(0--18\ h)~ (μM\*h)   52.400      44.100        0.842

**Abbreviations:** AUC, area under the concentration--time curve; CL~s~, systemic clearance.

###### 

Estimated pharmacokinetic parameters of SNX-2112 in rats using the physiologically based pharmacokinetic (PBPK) models following administration of SNX-2112 cosolvent or nanocrystals

  Parameter   Unit   Estimate                                            %CV
  ----------- ------ --------------------------------------------------- -----------------------------------------------
  K~p,kd~            5.9200                                              --[b](#tfn4-ijn-10-2521){ref-type="table-fn"}
  K~p,sp~            6.7800                                              --[b](#tfn4-ijn-10-2521){ref-type="table-fn"}
  K~p,in~            12.2000                                             --[b](#tfn4-ijn-10-2521){ref-type="table-fn"}
  K~p,ht~            2.2400                                              --[b](#tfn4-ijn-10-2521){ref-type="table-fn"}
  K~p,li~            4.0300[a](#tfn3-ijn-10-2521){ref-type="table-fn"}   8.1
  K~p,lu~            0.0213[a](#tfn3-ijn-10-2521){ref-type="table-fn"}   9.5
  K~p,rm~            5.1500[a](#tfn3-ijn-10-2521){ref-type="table-fn"}   4.3
  CL~H~       L/h    0.0246[a](#tfn3-ijn-10-2521){ref-type="table-fn"}   7.6
  Up~li~      L/h    0.0906                                              36.0
  Up~sp~      L/h    0.1820                                              26.0
  K~rel~      1/h    0.0257                                              24.0

**Notes:**

Values estimated by nonparticulate PBPK modeling;

fixed value.

**Abbreviation:** %CV, coefficient of variation.

[^1]: \*These authors contributed equally to this work
